Analysis of Duplicate Gene Families in Microbial Genomes and Application to the Study of Gene Duplication in M. tuberculosis by Venu Vuppu & Nicola Mulder
Selection of our books indexed in the Book Citation Index 
in Web of Science™ Core Collection (BKCI)
Interested in publishing with us? 
Contact book.department@intechopen.com
Numbers displayed above are based on latest data collected. 
For more information visit www.intechopen.com
Open access books available
Countries delivered to Contributors from top 500 universities
International  authors and editors
Our authors are among the
most cited scientists
Downloads
We are IntechOpen,
the world’s leading publisher of
Open Access books
Built by scientists, for scientists
12.2%
122,000 135M
TOP 1%154
4,800
10 
Analysis of Duplicate Gene Families in Microbial 
Genomes and Application to the Study of Gene 
Duplication in M. tuberculosis 
Venu Vuppu and Nicola Mulder 
Computational Biology Group, Department of Clinical Laboratory Sciences 
Institute of Infectious Diseases and Molecular Medicine, Health Science Faculty 
University of Cape Town 
South Africa 
1. Introduction 
Though considerable sequence information from different organisms was available prior 
to the recent advances in genome sequencing technology, the foundation for our current 
understanding of the mechanisms of bacterial pathogenesis was laid by the release of the 
first complete genome sequence of Heamophilus influenza in 1995 (Fraser-Liggett, 2005). 
Ever since, significant progress in the availability of data for different genomes has been 
possible due to the contribution of various genome sequencing projects (Koonin & Wolf, 
2008). Despite the complete genome sequences of many pathogenic organisms being 
available, the mortality rates due to these infectious agents still remains a problem, 
highlighting the need to decipher the complex molecular mechanisms responsible for 
survival of the bacteria. The wealth of complete genome information for pathogens can be 
effectively explored using comparative genomic tools for the identification of common 
and unique sets of genes involved in the propagation of virulence. Sequence comparison 
tools have been developed to identify homologous genes from the complete genomes of 
microorganisms. Homologous genes which arise from speciation tend to maintain 
functions similar to that of their ancestral molecule and are known as orthologs, while the 
genes originating from duplication events often evolve new functions and are defined as 
paralogs (Tatusov et al., 1997). 
The world of microbes is highly diverse with genome complexity differing across a wide 
range of microorganisms. In general, the difference in the complexity of genomes is dictated 
by the life style and environment of the organism (Cordero & Hogeweg, 2009). Life style 
plays an important role in regulating the genome dynamics of an organism, and functional 
novelty provided by gene duplication is thought to enhance the adaptation capability of the 
organism. In addition, horizontal transfer of operons or functional units of genes from 
external sources may provide an immediate functional benefit to the organism, thereby 
adding to the functional complexity of the genomes. The availability of complete genome 
sequences of important mycobacteria such as Mycobacterium tuberculosis, Mycobacterium 
ulcerans, Mycobacterium bovis, Mycobacterium leprae, Mycobacterium paratuberculosis, 
Mycobacterium avium and others, can be used to gain deeper insights into possible 
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mechanisms of prokaryotic gene innovation. Genome data has been used in recent studies to 
compare different species of mycobacteria, as well as different strains, to understand the 
evolution and pathogenesis of M. tuberculosis (Marri et al., 2006).  In our study, duplicate 
gene sets from different mycobacteria were investigated to identify the distribution of 
important functional classes of protein families, and the evolution of these functional classes 
was further analyzed by comparing their genetic divergence following duplication. 
The importance of gene duplication in prokaryotic gene innovation is well established and 
comparative analysis of duplicate genes with basic characteristic features of genomes like 
GC content and genome size may aid in deciphering their contributions. In contrast to 
eukaryotes, GC content varies widely across different bacterial genomes (Mann & Chen, 
2010), and analysis of GC variations between related bacteria could be useful in establishing 
evolutionary relationships (Mann et al., 2010). The focus of the majority of earlier studies 
was on deciphering the role of GC composition in HGT (Nelson et al., 1999; Hamady et al., 
2006), transcription start and stop sites (Zhang et al., 2004), nucleotide substitution rates 
(DeRose-Wilson &  Gaut, 2007), optimal growth temperature (Basak & Ghosh, 2005; Musto, 
2006) and metabolic characteristics (Naya et al., 2002). Furthermore, genome size has been 
reported to increase with an increase in number of genes in duplicate gene families (Snel et 
al., 2002; Pushker et al., 2004). In this study we analyzed the genomes of 56 pathogenic and 
20 non-pathogenic microorganisms to identify and characterize the expanded gene families 
across these organisms. In addition to the GC content, we investigated the relationship 
between genome size and duplicate gene percentage. On finding sufficient evidence for a 
correlation between genome size and extent of gene duplication, we further investigated the 
significance of duplicate genes in enhancing genome complexity. He and Zhang (2005) 
previously reported the importance of gene duplication in enhancing genome and organism 
complexity in eukaryotes. However, due to the difference in the selective pressures 
operating on prokaryotic and eukaryotic genomes, we used the duplicate and single copy 
genes to investigate the influence of protein lengths on genome and organism complexity of 
prokaryotic organisms, with a specific focus on investigating the role of duplicate genes in 
enhancing the genome complexity of M. tuberculosis.  
2. Materials and methods 
2.1 Data selection and identification of homologous sequences 
Comparative sequence analysis of different genomes is the most common approach for 
identifying orthologs and paralogs. However, here we used both the sequence and protein 
signature data as the latter could substantiate the former, and enables identification of more 
distantly related members of a protein family.  We collected non-redundant protein sets for 76 
microorganisms, including pathogens and non-pathogens, to identify expanded gene families in 
these organisms. The selection of the non-pathogenic bacteria in this study is of value, since 
many of these may also contain virulent genes which could act as barriers conferring protection 
against the defense mechanisms of the host, thus enhancing the survival capabilities and 
adapting the organism to intracellular conditions. In addition, acquisition of specific virulent 
gene clusters can transform these non-pathogenic agents to pathogenic microorganisms. 
For the selected organisms, approximately 1,91,497 protein signatures, 2,47,858 protein 
sequences, Genome size and G+C composition data were retrieved from the InterPro 
(http://www.ebi.ac.uk/interpro) (Apweiler et al., 2001; Mulder et al., 2007) and Integr8 
(http://www.ebi.ac.uk/integr8) (Kersey et al., 2005)  databases respectively. The protein 
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signature data from InterPro enabled the identification of approximately 27,827 proteins 
which exhibited complete domain identity (same InterPro matches) over their entire length 
to one or more proteins in M. tuberculosis strain H37Rv. Within each organism and across all 
organisms, the proteins showing complete domain identity were grouped together as 
duplicate gene sets or ortholog and paralog sets, respectively, and those with no common 
signature matches were considered to be single copies. In addition to the identification of 
expanded families using InterPro data, homologous sequences were clustered using 
BlastClust in two separate clustering procedures:  
a. Independent Genome Clustering: This involves within genome clustering to generate 
clusters of paralogs or protein families for each genome. BlastClust was executed at a 
wide range of percentage identities over varying lengths of the sequence to select the 
optimum parameters. Amongst the tested parameters, a 30% similarity over 60% 
sequence length cut-off was chosen, as it generated a suitable number of clusters (in line 
with previously reported numbers of duplicated families for M. tuberculosis). 
b. Multiple Genome Clustering: In this, all of the 76 genomes were appended together 
for the clustering of related proteins (orthologs and paralogs). In addition, the 
clustering of six of the mycobacterial species was performed separately for the 
evolutionary analysis of expanded gene families in M. tuberculosis.  
2.2 Evolutionary analysis 
For evolutionary studies, in addition to 66 paralogous gene clusters, 116 multiple genome 
clusters from the phylogenetic matrix of six of the closely related mycobacterial genomes 
that showed gene family expansions in both M. tuberculosis and M. leprae, as well as other 
mycobacteria, were selected. The proteins in each of the clusters were aligned with T-coffee 
(Notredame et al., 2000), and poorly aligned regions were edited using the Gblocks program 
(Castresana, 2000) with adjustments in the default settings for the generation of optimal 
sequence alignments. For each of these protein alignments, selection of the best-fitting 
amino acid substitution model was performed according to the Akaike informational 
criterion, and the gamma correction factor (alpha), the proportion of invariable sites (I), and 
observed amino acid frequencies (F) were estimated and selected for subsequent 
phylogenetic analysis using ProtTest (Abascal et al., 2005). Since, PhyML is a maximum 
likelihood method with the ability to incorporate the estimated values of alpha, proportion 
of invariable sites, and observed frequencies, the tree topologies for the gene sets in the 
identified clusters were constructed using this program (Guindon & Gascuel, 2003). The 
genetic distance measures from each of the estimated tree topologies were used to compute 
average and maximum genetic distance using Perl scripts.  
3. Results and discussion 
3.1 Identification of expanded gene families and relation to GC content and genome 
size 
We used sequence clustering and protein signature data to identify expanded genes families 
within and across several different microbial genomes. The across-genome clustering of 
protein sequence data yielded 1,984 expanded genes in 441 clusters for M. tuberculosis 
H37Rv. The protein signature method allowed us to group 30,885 proteins into 2238 clusters 
from all the organisms. InterPro signatures usually match between 50% and 80% of a 
genome, so data is not available for every protein. Since signature data enables identification 
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of more distantly related members of a cluster, but loses data where proteins do not match 
InterPro, the sequence and signature-based cluster data was merged, and used to generate a 
phylogenetic profile, which reflected the number of copies in each expanded family for each 
organism. From this, we identified 2011 duplicate/expanded genes in 461 clusters for M. 
tuberculosis, confirming previous reports that the duplicate genes make up approximately 
half of the M. tuberculosis genome (Tekaia et al., 1999). The percentages derived from the 2 
methods are shown in Table 1 for the 6 mycobacteria studied. The 461 clusters in the merged 
data include gene families that are also expanded in different organisms. 
 
S.No Organism Sequence Signature Union 
1 M. tuberculosis 31.47% 38% 50.96% 
2 M. bovis 30.28% 42% 48.69% 
3 M. paratuberculosis 39.75% 49% 56.46% 
4 M. avium 42.06% 49% 55.19% 
5 M. ulcerans 36.82% 46% 53.51% 
6 M. leprae 12.03% 20% 30.44% 
Table 1. Percentage of the genome belonging to expanded gene families for the 
mycobacteria. Data was generated using sequence clustering, protein signatures and a 
combination of the two (union). 
Next, we investigated the GC composition of different bacteria in relation to the duplicate 
gene percentages (Figure 1) to understand the characteristic features of genomes 
maintaining high percentages of duplicate genes. A statistical analysis of the data using 
Pearson’s correlation, revealed a moderate correlation between the GC content and 
estimated duplicate gene percentages. However, the analysis of the trend lines of the scatter 
plot in figure 1 reveals the presence of three different kinds of relationships in the data:  i) an 
initial increase of the trend line, ii) the initial increase is followed by a phase of neutrality, 
iii) and a steady increase of the trend line follows the phase of neutrality. We analyzed 
histograms of GC content and duplicate gene percentages and observed differences in the 
modality of the data distribution; GC percentages followed a trimodal distribution, while 
the duplicate gene percentages followed a unimodal distribution. Thus, although a positive 
correlation could be inferred from the analysis of the scatter plot, the correlation coefficient 
could be subdued by the differences in the modality of the data distributions.  Hence, based 
on the analysis of the scatter plot and trimodal distribution of the GC percentage histogram, 
the organisms were grouped into three categories based on their GC compositions: 
Group 1: Organisms having GC content greater than 54 percent. 
Group 2: Organisms having GC content greater than 44 percent and less than 54 percent. 
Group 3: Organisms having GC content less than 44 percent. 
We then performed a one-way ANOVA on the data (Table 2). Taking into consideration the 
mean square values (Mean Sq) and the calculated p-value of 2 x 10-16, we predicted that the 
mean variance between groups is significant compared to the within sample variance. These 
results indicate the existence of differences in the means of the three groups of organisms, 
and hence, we reject the null hypothesis and accept the alternative. Further, to estimate how 
significantly different the means of each group are compared to one another, a Tukey’s 
Honest Significant Difference (Tukey’s HSD) test was performed, and significant differences 
in the mean values of group2 and group1, group3 and group1, and group3 and group2 were 
found. From the results table of the Tukey’s multiple comparison test (Table 3), it can be  
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Fig. 1. Scatter plot analysis of the relationship between GC content and duplicate gene 
percentages of the selected organisms. The percent GC content is plotted on the X-axis and 
duplicate gene percentage on the Y-axis. The graph suggests that a positive correlation 
between GC content and duplicate gene percentages exists for the majority of the 
investigated organisms. 
 Df Sum Sq Mean Sq F value Pr(>F) 
Groups 2 13174.8 6587.4 417.28 <2.2e-16*** 
Residuals 73     
Signif Codes 0 ‘***’ 0.001 “**’ 0.01 ‘*’ 0.05 ‘.’0.1 ‘ ‘ 1 
Table 2. One-Way ANOVA Results. The columns of the table display the degrees of freedom 
(df), sum square values (Sum Sq), Mean square values (Mean Sq), F value and p-value 
(Pr(>F)) reported by One-Way ANOVA for the data. 
 
Tukey’s Multiple Comparison of Means 
Groups Diff Lwr Upr 
G2-G1 -16.36 -19.08 -13.64 
G3-G1 -31.54 -34.15 -28.92 
G3-G2 -15.18 -17.88 -12.48 
Table 3. The table displays the differences between the mean values of the groups. The Groups 
column represents the investigated groups: group2 and group1 (G2-G1), group3-group1 (G3-
G1), and group3-group2 (G3-G2). The differences in the means of the groups are given by the 
difference (diff) column, and the lower (lwr) and upper (upr) columns represent the lower and 
upper boundaries for the estimated mean difference between the groups. 
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inferred that both groups, G2-G1 and G3-G2 exhibit similar mean differences (-16.36 and -
15.18). However, the mean differences of both these groups are higher than the mean 
difference (-31.54) of group G3-G1. Therefore, group2 organisms, which have higher mean 
differences compared with group1 and group3, could be responsible for the reduced 
correlation coefficient values. Hence, their elimination from the list of investigated 
organisms could result in the prediction of strong positive correlation between the GC 
composition and duplicate gene percentages of group1 and group3 organisms. Thus, we 
suggest that gene duplication events may be a characteristic feature of GC rich bacterial 
genomes. Since all of the selected mycobacterial species in the present study are 
representatives of group1, the phenomenon of gene duplication in this genus could be 
attributed to its high GC content. 
In addition to GC compositions, we analyzed the influence of duplicate genes on the 
physical expansion of the genomes (Figure 2). An observed correlation coefficient value of 
0.84 at a p-value of 2 x 10-16 between the genome size and duplicate genes provides sufficient 
evidence to prove the contribution of duplicate genes to genome expansion of these 
organisms. This is not surprising, since the addition of genes through gene duplication will 
obviously increase genome size unless some genes are lost in the process. 
 
 
Fig. 2. The graph displays the relationship between duplicate gene percentage and genome 
size for the selected organisms. The identified duplicate gene percentages are plotted on the 
X-axis and genome size on the Y-axis. From the graph, a positive correlation can be 
observed between duplicate gene percentages and genome size. 
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3.2 Investigation of functional complexity of the duplicate and single copy genes  
In eukaryotes, single copy genes were reported to be shorter and to contain fewer domains 
than duplicate genes (He & Zhang, 2005). Here, we investigated the gene lengths and 
complexity (using domain number) of both pathogenic and non-pathogenic bacteria to 
determine the role of gene duplication in enhancing genome complexity in prokaryotes. A 
preliminary determination of the functional complexity of the expanded genes in the 
selected organisms was graphically analyzed by plotting the mean gene lengths of both the 
duplicate and single copy genes. Figure 3 shows that the average gene length in the majority  
of the organisms is comparatively higher for duplicate genes than for single copy genes. 
The difference in the mean gene lengths of duplicate and single copy genes was statistically 
analyzed using the Mann-Whitney U test. An observed W value of 4880 at a p-value of 2 x 
10-13 estimated from the Mann-Whitney U test confirms that the mean gene lengths of the 
duplicate genes are significantly higher than that of the single copy genes. 
 
 
Fig. 3. Comparison of Functional Complexity of the Expanded and Single Copy Gene 
Families Based on Nucleotide Sequence Data. The graph displays the mean gene lengths of 
duplicate and single copy genes in the investigated organisms. The organisms are plotted on 
the X-axis and the corresponding mean gene length on the Y-axis. 
We went on to investigate the domain complexity of single and duplicate copy genes to 
further enhance our understanding of the functional complexity of these organisms. As a 
measure of domain complexity, the number of domains present in each of the 
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corresponding proteins of the genes was computed from InterPro data, and the mean for the 
total number of domains was estimated for the duplicate and single copy genes using Perl 
scripts. From figure 4, we can see that the mean number of domains per duplicate gene is 
lower than that of the single copy genes. This suggests that single copy genes should be 
more complex due to the presence of more domains. We further analyzed the results, by 
statistically comparing the difference in the mean domain numbers of duplicate and single 
copy genes using the Mann-Whitney U test. From the resulting W value of 5717 at a p-value 
of 2 x 10-16, we inferred that the mean number of domains per single copy genes is 
significantly higher than that of duplicate genes. Thus, these studies suggest that the single 
copy genes are functionally more complex than duplicate genes. This was a surprising 
result, given that the mean length of duplicate genes was found to be higher than that of the 
single copy genes. Therefore, we specifically investigated the influence of gene lengths on 
the domain complexity of M. tuberculosis, and compared this statistic in two other 
organisms, Leptospira interrogans and the model organism, Escherichia coli.  
 
 
 
Fig. 4. Comparison of Functional Complexity of the Expanded and Single Copy Genes Based 
on InterPro Signature Data in Selected organisms. The graph displays the mean number of 
domains per protein in the duplicate and single copy genes of each organism. The 
organisms investigated are plotted on the X-axis and the corresponding mean number of 
domains per protein for each organism on the Y-axis. 
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For each of these three organisms, the total number of genes in the genome was retrieved, 
and for every gene, we estimated the total number of domains to determine the relationship 
between gene length and domain number (Figure 5 -Whole Genome Analysis). In addition, 
the number of domains for each of the duplicate (Figure 6) and single copy genes (Figure 7) 
were also estimated. The preliminary analysis of the relationships using scatter plots 
suggested that the number of domains per gene does not necessarily increase with an 
increase in the gene length. Further, correlation coefficient values estimated from the 
Pearson moment correlation were used for statistical confirmation of the relationships.  
 
 
 
 
 
 
Fig. 5. Investigation of number of domains per gene in the M. tuberculosis H37Rv, E. coli and 
L. interrogans genomes (Whole Genome Analysis). The graph displays the relationships 
between gene length and number of domains. The sequence lengths of each gene are plotted 
on the X-axis and the corresponding number of domains per gene on the Y-axis. From the 
graph, it can be inferred that the gene length is not necessarily dependent on domain 
number. 
www.intechopen.com
 
Gene Duplication 
 
182 
 
Fig. 6. Investigation of number of domains per duplicate gene in the M. tuberculosis H37Rv, 
E. coli and L. interrogans genomes (Duplicate Gene Analysis). The graph displays the 
relationship between sequence length (X-axis) and number of domains (Y-axis) of the 
duplicate genes.  
The correlation coefficient values for the whole genome, duplicate gene and single copy 
gene analysis in E. coli were 0.48, 0.47, and 0.49, respectively, while the values of 0.39, 0.25, 
and 0.53 were reported for L. interrogans (Table 4). The results from these two organisms 
suggest that the number of domains does not increase significantly with the increase in gene 
length and hence, domain complexity may be independent of the gene length or vice versa. 
Although the reported correlation coefficient values of 0.58, 0.62 and 0.59 corresponding to 
the whole genome, duplicate and single copy gene analyses, respectively, in M. tuberculosis 
are higher than those for E. coli and L. interrogans, these correlation coefficient values still do 
not suggest significant positive correlation between domain complexity and gene lengths. 
Thus, the specific protein complexity studies of these three genomes show that it is not 
necessarily surprising that while the duplicate genes are generally longer than single copy 
genes, they tend to contain fewer domains.   
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Fig. 7. Investigation of number of domains per single copy gene in the M. tuberculosis 
H37Rv, E. coli and L. interrogans genomes (Single Copy Gene Analysis). The graph displays 
the relationship between sequence length and number of domains of the single copy genes 
in these genomes.  
 
Pearson’s product-moment correlation 
Organism 
and P-value 
E. coli P-value H37Rv P-Value L. interrogans P-Value 
All Proteins 0.48 2.2e-16 0.58 2.2e-16 0.39 2.2e-16 
Duplicate 0.47 2.2e-16 0.62 2.2e-16 0.25 2.64e-10 
Single 0.49 2.2e-16 0.59 2.2e-16 0.53 2.2e-16 
Table 4. Correlation Coefficient and P-values of the whole genome, duplicate and single 
copy gene analysis in E. coli, M. tuberculosis H37Rv and L. interrogans. The table displays the 
results of Pearson’s product-moment correlation.  
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3.3 Functional and evolutionary analysis of expanded genes in M. tuberculosis 
The protein sequence and signature data for the 76 genomes were clustered into related sets 
of duplicate genes for the study of relationships between percentage duplication and the GC 
content, genome size and gene complexity described above. However, since the comparison 
of closely related organisms is better for inferring evolutionary relationships, we separately 
clustered six of the closely related mycobacterial genomes and identified 390 duplicate gene 
clusters in M. tuberculosis. The results were represented as a phylogenetic profile and a 
summary is shown in Table 5.  
 
Organism Total 
Genes 
TGC SCG DGC Total  
duplicate 
Genes 
Estimated  
Duplicate Gene 
Percentages 
M. tuberculosis 3947 2815 2425 390 1521 38.53 
M. bovis 3910 2817 2439 378 1471 37.62 
M. paratuberculosis 4316 2807 2343 464 1973 45.71 
M. avium 5040 3199 2679 520 2361 46.84 
M. ulcerans 4206 2755 2359 396 1847 43.91 
M. leprae 1036 1603 1261 119 342 21.33 
Table 5. Protein sequence clustering of the mycobacterial group. The columns of the table 
represent the selected organisms, total number of genes in the genome, total number of 
identified gene clusters (TGC), total number of single copy genes (SCG), total number of 
duplicate gene clusters (DGC) in the organism, total number of duplicate genes in the 
duplicate gene clusters identified, and the percentage of duplicate genes estimated for each 
organism. 
The biggest expanded family in M. tuberculosis was the PE/PPE/PGRS family with 164 
members, followed by a family of alcohol dehydrogenases and oxidoreductases with 44 
members, the fatty-acid-CoA ligase family with 33 members, then acyl-CoA dehydrogenase 
with 27 members. A manual assignment of high-level functional classes was done 
previously in the laboratory for all M. tuberculosis proteins. This was used here to determine 
the functional distribution of all 390 expanded families in this organism. Figure 8 shows the 
number of families and number of proteins belonging to each of the functional classes. The 
biggest class is made up of enzymes or proteins involved in metabolism, followed by 
proteins of unknown function. From the data, we selected 116 gene clusters which showed 
gene family expansions in M. tuberculosis and M. leprae, as well as other mycobacteria. We 
are interested in expansion in M. leprae, as this is a highly reduced mycobacterial genome, so 
expanded genes that have been maintained are likely to be important. When considering 
only the 116 families that are also expanded in M. leprae, the distribution of functional 
classes is similar, except for a large reduction in the number of unknown protein families.  
For each of the 116 clusters of interest, we calculated the genetic distance between family 
members and investigated the relationship between genetic distance and gene family size. 
Our results suggest that the genetic distance between two of the most distant proteins in the 
clusters increases with an increase in cluster size. In addition, the correlation coefficient 
value of 0.87 at a p-value of 2.2 x 10-16 is indicative of strong positive correlation between 
these factors. These sets of duplicate copies of proteins are clustered from different 
mycobacterial genomes, and since the estimated maximum genetic distance between the 2  
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Fig. 8. Distribution of functions in M. tuberculosis (all 390 clusters) and M. leprae-shared (116 
clusters) expanded families. 
most distant proteins in each of these sets increases with an increase in cluster size, it was 
inferred that some of the duplicate copies show a tendency to diverge from the original 
ancestral functions after multiple duplication events in bigger families. To investigate the 
average divergence of proteins in these clusters, the relationship between average genetic 
distance and cluster size was determined. The results suggest that the average genetic 
distance between the gene families does not increase with the cluster size, except perhaps 
for the few larger families. In order to statistically verify the results, correlation coefficient 
values were estimated using the Pearson's product-moment correlation. The correlation 
coefficient value of 0.43 at a p-value of 1.17 x 10-6 indicates the presence of moderate 
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correlation between the average genetic distance and cluster size. It suggests that the 
majority of homologous gene families identified from these mycobacterial species have not 
undergone significant functional divergence and still show close evolutionary relatedness, 
but these results may be skewed by the fact that the clusters contain orthologs and paralogs. 
Orthologs are generally predicted to maintain similar functions, while paralogs are known 
to have diverged functions. 
The relationship between cluster size and genetic distance was also studied for 66 
paralogous families only (within genome clustering). Within each of the selected 
mycobacterial species, the estimated tree topologies were used to investigate the genetic 
divergence of the identified paralogous gene families by computing the maximum genetic 
distance between two of the most distant paralogs in each of the clusters. A scatter plot 
analysis of the computed maximum genetic distances and cluster sizes was performed 
(Figure 9), and correlation coefficient values were estimated for studying the genetic 
divergence of these paralog gene families. From the analysis of the scatter plot (Figure 9) 
and correlation coefficient values (Table 6), we inferred that the genetic distance between the 
two most distant proteins increases with the cluster size.  
 
Organism df Pearson’s 
correlation
P-value 
M. tuberculosis 64 0.88 2.20e-16 
M. bovis 62 0.81 4.4e-16 
M. paratuberculosis 59 0.93 2.20e-16  
M. avium 56 0.95 2.20e-16  
M. ulcerans 59 0.93 2.20e-16 
M. leprae 36 0.66 5.94e-06 
Table 6. Results of the correlation calculations for maximum genetic distance versus cluster 
size, including degrees of freedom (df), Pearson’s correlation coefficient values, and the 
corresponding p-values.  
In addition to maximum genetic distance, the average genetic distance for each of the 
paralog gene families was computed to investigate the evolutionary relationships between 
the members within the selected mycobacterial genomes. To provide statistical significance 
for the scatter plot observations, correlation coefficient values were estimated using the 
Pearson's product-moment correlation (Table 7). The scatter plot (Figure 10) and correlation 
coefficient values (Table 7), suggest a moderate negative correlation between the average 
genetic distance and cluster size of the paralogous gene families.  
3.4 Further analysis of one example expanded gene family in M. tuberculosis 
While we have evolutionary data for all the orthologous and paralogous families of M. 
tuberculosis, we cannot show all the results, so we have selected an important class of 
regulatory proteins as an example. The adaptability of M. tuberculosis to enable successful 
survival of the stressful conditions in the host during infection is attributed to the existence 
of a diverse class of sigma factors in the organism (Fontan, 2009). The organism is suggested 
to contain numerous sigma factors that bind to the core subunit of RNA polymerase to 
provide promoter specificity (Fontan, 2008). To investigate the phylogenetic diversification 
of sigma factors in M. tuberculosis and other mycobacteria, we studied the sigma factors  
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Organism df Pearson’s 
correlation
P-value 
M. tuberculosis 64 -0.44 0.0001966 
M. bovis 62 -0.5 2.38e-05 
M. paratuberculosis 59 -0.41 0.0007649  
M. avium 56 -0.43 0.0007819 
M. ulcerans 59 -0.43 0.000633 
M. leprae 36 -0.44 0.005978 
Table 7. Pearson’s correlation coefficient results for the relationship between the average 
genetic distance and cluster size. The columns include degrees of freedom (df), Pearson’s 
correlation coefficient values, and the corresponding P-values. 
Fig. 9. Relationship between maximum genetic distance and cluster size for families of M. 
tuberculosis H37Rv, M. bovis, M. paratuberculosis, M. avium, M. ulcerans and M. leprae. The X-
axis represents the cluster size (total proteins in each cluster) and Y-axis shows the genetic 
distance between the two most distant proteins in the clusters of each organism. The genetic 
distance appears to increase with the cluster size, suggesting a correlation between them.  
identified by our ortholog and paralog clustering methods. From the analysis of the sigma 
factor phylogenetic trees of M. tuberculosis (Figure 11), we infer that gene duplication events 
followed by divergence could have resulted in the bifurcation of the sigma factor class of 
proteins into two subfamilies (marked as A and B in the Figure). 
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Fig. 10. Relationship between average genetic distance and cluster size for duplicate gene 
families of M. tuberculosis H37Rv, M. bovis, M. paratuberculosis, M. avium, M. ulcerans and M. 
leprae. The X-axis represents the cluster size (total proteins in each cluster) and Y-axis shows 
the average genetic distance between the identified gene families of each organism. The 
average genetic distance appears to decrease with the cluster size, suggesting a negative 
correlation between these two factors. 
3.4.1 Analysis of sigma factor proteins in subfamily A 
Following duplication, the proteins of this subfamily have diverged into 2 groups: SigE and 
SigM (Figure 11). The 2 proteins in the SigE group have further diverged following 
duplication and divergence. However, one of the proteins in the sigE group was identified 
to have no orthologs in M. leprae (Figure 12), and loss of various sigma factors is suggested 
to be the reason for M. leprae reductive genome evolution (Babu, 2003). Interestingly, all the 
paralogs of M. tuberculosis appear to have orthologs in M. bovis, but the absence of sigM 
proteins in M. bovis, and the large divergence of this protein group in M. tuberculosis 
compared to other mycobacteria enables us to speculate on its significance in M. tuberculosis 
evolution. Though an error in available M. bovis sequences could have resulted in incorrect 
annotation of the sigM locus as a psuedogene (Manganelli et al., 2004), the extent of 
divergence of this protein in M tuberculosis compared to other mycobacteria prompts further 
investigation into its possible paths of pseudogenization or neofunctionalization.   
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Fig. 11. Phylogenetic tree of the Sigma factor paralog cluster inferred by the maximum 
likelihood method. The duplication events are marked by A’s and B’s. The figure displays the 
phylogenetic diversification of sigma factors (sigE, sigM, sigL, sigK, sigC and sigD).  
3.4.2 Analysis of the sigma factor proteins in subfamily B 
From the analysis of the sigma factor class of paralogs in GroupB (Figure 11), we infer that 
duplication events followed by divergence resulted in the 2 groups of sigma factor 
subfamilies (marked as B1 and B2 in Figure 11). The sigma factor proteins in each of the 
subfamilies have significantly diverged after gene duplication. For the two sigma proteins 
 
(sigK and sigL) in one of the subfamilies (Figure 12), sigK was identified to have no 
orthologs in M, avium, M paratuberculosis or M. leprae, and sigL was noted to have no 
orthologs in M. leprae. These results are inconsistent with the published reports of 
Manganelli et al, 2003. For the other subfamily of sigma proteins (sigC and sigD) on the 
phylogenetic tree (Figure 12), we did not identify orthologs for sigC in M. paratuberculosis or 
sigD in M. leprae.  
4. Discussion 
The availability of complete genome sequences of many bacteria and significant progress in 
the development of modern computational biology methods has resulted in the evolution of 
a powerful platform for the comparative investigation of genome diversity across different 
organisms. Here, we make use of the wealth of genome information and bioinformatics 
tools to understand the significance of gene duplication in M. tuberculosis evolution. The 
investigation of relationships between the GC composition and duplicate gene percentages 
identified from the sequence and InterPro domain data provides sufficient evidence to 
suggest a positive correlation between them for group1 and group3 organisms. Here, the 
mycobacterial species are part of the group1 organisms, so the maintenance of 
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Fig. 12. Phylogenetic tree of the Sigma factor ortholog and paralog cluster inferred by the 
maximum likelihood method. The duplication events are marked by A’s and B’s. The labels 
Mtu, Mbo, Mav, Mul, Mpa and Mle represent proteins from M. tuberculosis, M. bovis, M. 
avium, M. ulcerans, M. paratuberculosis and M. leprae respectively. 
high duplicate gene percentages in these species, with the exception of M. leprae, could be 
attributed to the high GC composition of their genomes. Unsurprisingly, the study has also 
shown a correlation between duplicate gene percentage and genome size, suggesting that 
gene duplication increases genome size. Further, our investigations on protein complexity 
provide deeper insights into the general trend in gene length and domain number in 
duplicate genes in these organisms. 
He and Zhang (2005), investigating Saccharomyces cerevisiae, showed duplicate genes to be 
complex molecules with longer sequences containing more functional domains. From the 
investigations of the mean gene lengths of 76 pathogenic and non-pathogenic organisms, it 
is evident that the average length of the duplicate genes is comparatively higher than that of 
single copy genes. However, the analysis of mean number of domains in the duplicate and 
single copy genes reveals the presence of a higher number of domains in the single copy 
genes compared to the duplicate genes. According to Stoltfus (1999), partial loss-of-function 
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mutations lead to the preservation of duplicate genes with single functions (Stoltfus, 1999; 
Lynch & Force, 2000). Moreover, it has been suggested that duplicate genes lose one of the 
domains that were originally present in the ancestral molecule, and by complementation of 
the lost domains, both the daughter copies are reported to reflect the original ancestral 
function. Thus, gene complexity is suggested to be reduced after subfunctionalization of 
duplicate genes (He & Zhang, 2005). Further, the complementary loss of subfunctions is 
considered to facilitate the preservation of duplicate gene pairs, and due to relaxed 
evolutionary constraints following subfunctionalization, the chances of long-term evolution 
of new functions is enhanced (Force et al., 1999). However, since deleterious mutations are 
more common than beneficial mutations (Cun, 2010), evolution of new and essential protein 
functions is considered to be a rare event (Nadeau & Sankoff, 1997; Force et al., 1999). 
According to the predominant argument, the evolution of new domains would be favored 
only if they can perform a function different to that of preexisting domains or domain 
combinations (Lagomarsino et al., 2009). Further, the majority of duplicate genes are 
predicted to develop new functions from the already existing ancestral gene functions, and 
if new functions evolve by mutation from prior domains, it is less likely that all of the 
domains would evolve into new domains due to the mutational bridge for new domain 
evolution being too far from the ancestral molecule (Lagomarsino et al., 2009). Hence, 
evolution of new functions following subfunctionalization could be a rare event. Therefore, 
the presence of fewer domains in the duplicate genes compared to the single copy genes 
could be due to evolution of duplicate genes by subfunctionalization, where complementary 
loss of subfunctions is viewed to primarily facilitate preservation of the duplicate gene. 
Alternatively, the addition of new domains into a bacterial genome could be due to 
acquisition by HGT. Indeed, acquisition of one or more domains by HGT in 30 to 50 percent 
of bacteria has been reported (Choi & Kim, 2007). The acquired gene or gene segment is 
known to be beneficial only if it has some properties different to that of recipient genome 
(Kinsella et al., 2003). Since the selection of a new domain would depend upon its ability to 
perform a biological function that is not covered by pre-existing domains, addition of such 
rare domains by HGT could be an uncommon phenomenon (Lagomarsino et al., 2009). 
Adaptation of bacteria to new environments requires evolution of new functions (Hooper & 
Berg, 2003), and gene duplication is viewed to be the general mechanism of adaptation to 
different environmental conditions (Kondrashov, 2002).  However, a recent study suggests 
HGT to be a far more important route to adaptation compared to gene duplication (Koonin & 
Wolf, 2009). Further, duplication of horizontally transferred genes with weak or no functions is 
suggested to accelerate the evolutionary process of gene innovation. Since both gene 
duplication and HGT are considered to be important routes of bacterial adaptation to 
changing environments, and amplification of weak ancillary functions is considered to be the 
easiest route to gene innovation, quick adaptation of bacteria to changing environments could 
be due to amplification of weak ancillary functions. Thus, reduced functional complexity of the 
investigated duplicate genes compared to single copy genes could be due to preservation of 
the majority of the paralogs by subfunctionalization, and the rare event of neofunctionalization 
could have been either due to divergence of subfunctions over an evolutionary period of time 
following preservation of subfunctionalized paralogs, or mostly due to rapid amplification of 
weak ancillary functions after gene duplication. To gain deeper insights into the functional 
complexity of duplicate genes in M. tuberculosis, we focussed on the evolutionary analysis of 
the duplicate genes in six of the closely related mycobacterial species. 
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From the analysis of maximum genetic distance between the two most distant proteins of the 
mycobacterial multiple genome clusters, we suggest that the divergence of at least one of the 
duplicate gene copies from the ancestral gene increases with the increase in cluster size. These 
homologous gene families consist of orthologs and paralogs. The lack of a strong correlation 
between the average genetic distance and cluster size of the duplicate gene copies in the 
multiple genome clusters indicates that the homologous gene families including proteins from 
different mycobacterial species have not undergone complete functional divergence. This is to 
be expected for orthologs, which tend to maintain their functions.  
The average genetic distance estimated for single genome paralogous gene clusters, on the 
other hand, decreases with the increase in cluster size, suggesting that, on average, smaller 
families tend to diverge more rapidly than the larger families. This is apart from some 
members of the larger families, which have obviously diverged further as they are 
contributing to the increased maximum genetic distance with cluster size. Though gene 
duplication is considered to be an important mechanism for acquiring new genes, and 
creating evolutionary novelty (Torgerson and Singh, 2004), horizontal gene transfer (HGT) 
is also known to be a wide spread phenomenon, and a significant proportion of genes in 
bacteria are accepted to have been acquired by HGT (Price et al., 2007). The genome of M. 
tuberculosis is known to contain 19 genes of eukaryotic origin, and it is speculated that the 
organism may have also acquired genes from other prokaryotes by HGT (Kinsella et al., 
2003). In addition, the occurrence of many intraspecies HGT events in the progenitor of M. 
tuberculosis has been reported (Rosas-Magallanes et al., 2006). The ability of HGT to 
incorporate a new gene which is homologous to an existing gene family member is well 
recognized (Ochman, 2001; Kinsella et al., 2003; Krzywinska, 2004), and in comparison to its 
gene family members, the newly introduced gene may be more divergent in sequence and 
function (Pushker et al., 2004). Following duplication, such laterally transferred genes with 
already divergent functions may further diversify in the process of evolving new functions, 
and this could result in an increase in genetic distance between the laterally transferred 
duplicate gene and its paralog gene family members. The chance of this should increase 
with the number of members.  
Phylogenetic analysis of the sigma factors in M. tuberculosis suggested that most of the sigma 
factors have orthologs in other mycobacteria. However, we could not observe orthologs in 
M. leprae for a few of the subfamilies, and this could have been due to the extensive loss of 
sigma factors during its reductive genome evolution. Agarwal et al., 2007 reports that sigM 
proteins control only a small subset of genes, and their loss would not influence M. 
tuberculosis virulence (Agarwal et al., 2007). The difference in the divergence of sigM in M. 
tuberculosis compared to other mycobacteria, and absence of its ortholog in M. bovis should 
be considered further to study the importance of the sigM factor in M. tuberculosis virulence.  
5. Conclusions and future work 
The estimated duplicate gene percentages for M. tuberculosis from independent genome 
clustering (31%), InterPro signature methods (38%), across genome clustering (49%) and a 
union of the methods (51%) were all relatively high, showing the significance of gene 
duplication in M. tuberculosis genome evolution. The investigation of relationships between 
the GC composition and duplicate gene percentages identified from the sequence and 
InterPro domain data provides sufficient evidence to suggest that for the mycobacterial 
species, with the exception of M. leprae, the maintenance of high duplicate gene percentages 
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could be attributed to the high GC composition of their genomes. The study has also shown 
a correlation between duplicate gene percentage and genome size, suggesting that gene 
duplication increases genome size, which is a logical result. Interestingly, our functional 
complexity results were in contrast to recent finding in eukaryotes, and we show that, on 
average, duplicate genes have longer sequences but fewer domains than single copy genes 
in the investigated organisms. The reduced functional complexities of duplicate genes could 
be due to their evolution by subfunctionalization following duplication.  
We also show that duplicate gene families of mycobacterial multiple genome clusters have 
not undergone complete functional divergence following gene duplication and still tend to 
maintain their functions. Our maximum genetic distance results suggest that multiple 
duplication events in a few of the duplicate copies of bigger families may result in their 
functional divergence from the original ancestral functions. Our paralog maximum genetic 
distance results suggest that the increase in genetic distance between the two most distant 
proteins with the size of the gene family may be due to duplication followed by paralog 
evolution of some of the distant genes that already have divergent functions compared to its 
paralog members. From the study of average genetic distance of paralogs, we suggest that 
slow evolution of paralogs of large families in M. tuberculosis could be due to preservation of 
original ancestral functions by the mechanism of subfunctionalization.  
For future studies, we are investigating selection pressure and comparison between smaller 
and larger gene family evolution to shed light on the evolutionary fate of duplicate genes 
and functional innovation in M. tuberculosis. In addition, since the functional constraints on 
amino acid residues are known to differ due to the potential changes in protein function, we 
have studied site specific rate differences between the amino acids of closely related 
mycobacterial species to aid in deciphering specific subfamily evolutionary divergence 
following gene duplication. Such predicted critical amino acids when mapped on to protein 
secondary structure could help in evaluation of important structural locations in functional 
diversification. In addition to functional divergence, gene expression data from different 
experimental conditions is of use to understand the degree of expression divergence of the 
genes following duplication events. Overall, we are working on further investigation of M 
tuberculosis duplicate genes with the integration of phylogeny-sequence-structure-function-
expression information, which will be valuable for understanding the functional and 
evolutionary fate of genes following gene duplication in M. tuberculosis.  
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